To fully reveal drought propagation mechanism and effectively mitigate drought, it is of importance to synthesize investigating different types of droughts; specifically, the propagation from meteorological to agricultural droughts and from agricultural to hydrological droughts, as well as 
, and Standardized Runoff Index (SRI) (Zhang et al. ) were adopted to depict meteorological, agricultural, and hydrological droughts, respectively. As a consequence of readily available precipitation and streamflow records, the assessment of meteorological and hydrological droughts is relatively easy.
However, due to the short temporal coverage and spatial non-uniformity of the available data, soil moisture drought detection and spatiotemporal evolution research has not been widely investigated so far. Traditionally, soil moisture data are obtained using an in situ measurement network (Sun et al. ) . By this means, to avoid errors in spatial interpolation, the networks must be dense enough. However, a denser soil moisture monitoring network costs more and requires advanced techniques. In recent decades, with the advantages of continuous and extensive spatiotemporal coverage, satellite remote sensing technology has drawn increasing attention to soil moisture observations (Li & 
STUDY AREA AND DATA
The Luanhe River basin is located in Northeast China (Figure 1 were used. In this study, the total simulation period of 1961-2011 was divided into a 2-year warm-up period (1961) (1962) , 32-year calibration period , and 17-year validation period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) .
METHODOLOGY Standardized Precipitation Evapotranspiration Index (SPEI)
In this study, SPEI is used to describe meteorological calculate the differences between precipitation and PET;
(3) accumulate the deficits at a given timescale; and (4) normalize the accumulated deficits into a log-logistic probability distribution to obtain the SPEI. Details about the SPEI computation can be found in several papers, including
Banimahd & Khalili () and Ayantobo et al. () .
Standardized Soil Index (SSI) and Standardized Runoff
Index (SRI)
In this study, the agricultural and hydrological droughts are described by the SSI and SRI, respectively, which are calculated similarly to the SPI but are instead applied to the SWC and streamflow series. The calculation steps are as follows: (1) accumulate the streamflow or SWC series at a given timescale; (2) fit a probability distribution to the specific streamflow or SWC series; (3) estimate the cumulative density function of an observed cumulative streamflow or SWC volume; (4) convert the cumulative probability to a standard normal function with zero mean and unit variance. For details about the SSI and SRI computation, The cross-wavelet transform and wavelet coherency spectrum methods
The cross-wavelet analysis, developed by Hudgins et al. () , is an effective tool for exploring the correlations between two time series. This method integrates the cross-wavelet transform and the wavelet spectrum analysis, and not only can it reveal the linkages between two time series, but it can also reflect the phase structure and detailed features in the time-frequency domain. For two time series x t and y t , the cross-wavelet transform (XWT) can be calculated as follows:
where s represents the scale expansion factor, t represents the time shift factor, and * denotes the complex conjugation. W x n (s, t) and W y n (s, t) denote the wavelet amplitude of x t and y t series, and jW xy n (s, t)j is the cross-wavelet power; it describes the cross covariance, where a larger value indicates a higher degree of correlation.
The relative phase difference is given as:
where S denotes a smoothing operator, I is the imaginary part, and R is the real part.
The theoretical distribution of the cross-wavelet power with the background power spectrum for the two series P x k and P y k is expressed as follows:
where Z v (p) denotes the confidence level of probability p.
The phase angle can reflect the local relative phase relationship of the two series x t and y t , which can be defined as:
In the 
where the range of values for R 2 (s, t) is between 0 and 1. S denotes a smoothing operator and can be calculated as:
where S 
where c 1 and c 2 denote normalization constants and Π denotes the rectangle function.
RESULTS

Calculation of drought indices
Hydrological modeling and acquisition of soil water content (SWC)
In this study, the long-term SWC series is obtained by using the SWAT model. The model performance is evaluated by the SWAT-CUP. This program includes five methods from which the Sequential Uncertainty Fitting (SUFI-2) method is chosen. In SUFI-2, the uncertainties are quantified by the P-factor, which is the percentage of data bracketed by the 95% prediction uncertainty (95PPU). Another factor used to quantify the uncertainty is the R-factor, which is the average thickness of P-factor divided by the standard deviation of the observed data. Ideally, the P-factor should be close to one and the R-factor close to zero.
The selected parameters and their initial ranges and optimal values for eight hydrological stations are listed in Table A1 of the Supplementary materials (available with the online version of this paper). The determination coeffi-
and Percent Bias (PBIAS) are used as performance metrics.
The performance of the model during the calibration and validation periods is shown in 
Calculation of SPEI, SSI, and SRI
Based on the gridded and observed precipitation and temperature dataset, the observed and simulated streamflow dataset, and the simulated SWC series, the SPEI, SRI, and show generally consistent patterns over the study period, and the consistency is higher at the SDHZ station than at the LX station. The reason is that the LX station is influenced by the Panjiakopu reservoir, which is located in the upstream of LX station. From Figure 2 , it is inferred that the dry-wet frequency is at a maximum for SPEI, while SSI is second, and SRI has a minimum dry-wet frequency.
Compared with the SPEI and SSI, the SRI progress curve, which has a delayed onset and an extended termination time, is relatively smooth for all timescales. Due to the impacts of vegetation, evaporation, land topography, geomorphology, groundwater and reservoir recharges, the variations in SSI and SRI may be desynchronized from the SPEI response. The results in Figure 2 show that agricultural and hydrologic droughts respond to precipitation deficits with some lag time, and the delays tend to be obvious when the timescale is greater than 12 months. The reason is that the SSI and SRI incorporate the land surface dynamics that moderate the agricultural and hydrological responses, which delays the recharge of groundwater and reservoir storage and is more obvious at longer timescales.
Therefore, SPEI is a better indicator for detecting the drought onset; SSI exhibits less variability compared to precipitation and thus better describes drought persistence; and SRI can depict the termination of drought.
As shown in Figure 2 , the durations corresponding to the gray shaded areas well indicate the periods of historical droughts that occurred in the Luan River basin in 1962-1963, 1968, 1972, 1982, 1984, and 2000-2001 Note: M-A denotes the propagation times from meteorological to agricultural droughts, and A-H denotes the propagation times from agricultural to hydrological droughts. June-August (summer) all occur at the 2-month timescale; in September-November (autumn), the maximum correlation occurs at the 5-month timescale and the 1-month timescale;
in March-May (spring), the maximum correlation occurs at the 7-month timescale and the 1-month timescale, and in December-February (winter), the maximum correlation occurs at the 8-month timescale and the 12-month timescale. This illustrates that the propagation times from meteorological to agricultural and then to hydrological droughts in summer, autumn, spring, and winter are 2 and 2 months, 5 and 1 month, 7 and 1 month, and 8 and 12 months, respectively. Similarly, the propagation times of the other seven hydrological stations from meteorological to agricultural and then to hydrological drought are presented in Table 2 . Roughly, the propagation times in summer and autumn are relatively shorter than in other seasons, which is likely caused by higher temperatures, higher rainfall frequencies, and higher soil moisture content in summer compared to other seasons. Note that there is some snow in winter in this area, and most of the snow melts during the following spring. Therefore, the longer propagation time in spring compared to summer is likely a result of snowmelt.
Relationships between meteorological, agricultural, Because the LX station is in the lower reaches of the basin, its catchment area occupies approximately 100% of is given ( Figure 13 ). It can be seen from Figure 13 that the inter-annual variability between PET_PM and ETa presents high consistency, while the changing trends between PET_TH and temperature showed high consistency, namely, the characteristics of unimodal, high in summer and low in winter. The Spearman correlation coefficient of seven typical sites between PET and ETa is shown in 5. Further research should be conducted to study the effects of SWAT model uncertainties on the drought evolution properties.
